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57 ABSTRACT

Disclosed are a method and apparatus for switching between
lossless data compression modes, and the switching 1ndi-
cated by at least one multibit mode switch character. The
binary format input data 1s received and a FIFO determina-
tion of the compression efliciency of the input data under
cach mode 1s made on an ongoing basis. The ongoing basis
may be for each compressed code word or more. A FIFO
comparison of the compression efficiencies under each mode
are made, and the modes for compressing the input data are
switched only upon the comparison, or accumulated
comparisons, 1ndicating the compression efficiency of the
present mode 1s less than the compression efficiency of the
other mode by a threshold value, the threshold value directly
related to the number of bits in the multibit mode switch
character. One or both of the data compression modes may
comprise a Lempel-Ziv compression, such as ALDC (LZ-1
derivative) or DCLZ (LLZ-2 derivative), for compressing the
input data into variable sized tokens, and the FIFO com-
pression efficiency may be determined based on the bit
length of each variable sized token.

24 Claims, 6 Drawing Sheets
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ALDC-2 output possibilities:

- 9 bit literal=0.(8 bit data byte)

~ variable length backward reference

= 1. (variable length match length code). (10 bit match location)
match length codes  backward reference length SQVINgS

00 = 2 bytes 13 bits 3
01 = J bytes 13 bits 11
1000 = 4 bytes 19 bits 17
1001 = 5 bytes 15 bits 235
1010 = 6 bytes 15 bits 33
1011 = 7 bytes 15 bits 41
110000 = 8 bytes 17 bits 47
110001 = 9 bytes 17 bits %

- 13 bit control codes = 1.1111.1111. (four bit code)
1.1111.1111.0010 = swop to scheme 2

FlIG. 4A

Passthrough mode:
- for every doto byte possibility except for FFh, the dota is simply output unmodified.
— FFh in is output as 1111.1111.0
- the control code is 1111.1111.1. (four bit code)
1111.1111.1.0001 = swap to scheme 1 (ALDC-2)

FIG. 4B
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Scenario A, string received “Mississuppi abcdefghijkimnopgrstuv is her Missis™
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Scenario B, string received ‘‘Mississuppi abcdefghijkimnopgrst abc/ab™ os in Scenario A until:

This Cumm Tentative Criteria

Input  Output as Count Count  Toqgle Scheme  State Met FIFO
t Literal +1 25 0 2-1 1 0 25
Ref2, 1st B 0 25 1 2-1 1 0 26

0 Ref2, 2Znd B -3 22 1 2-1 1 0 27
b Ref2, rd B -8 14 1 2-1 1 0 28
c Ref2, 4h B -6 8 1 2-1 1 0 29
/ Literal +1 9 0 2-1 1 0 30
a Refl,1stB 0 9 1 2-1 1 0 31
b Refl,2nd B -3 6 1 2-1 1 0 32

FIG. 8

Scenario C, string received “Mississuppi abcdefghijkimnopgrst abc/xy” as in Scenario A until:

This Cumm Tentative Criteria

Input  Output as Count Count Toggle Scheme  State Met FIFO
t Literal +1 25 0 . 1 0 25
Ref2, 1st B 0O 295 1 2 | 0 26

a Ref2, 2nd B -3 22 1 Y, 1 0 27
b Ref2, Jbrd B -8 14 1 2 f 0 28
¢ Ref2, 4th B -6 8 1 . ] 0 29
/ Literal +1 9 0 2 1 0 30
X Literal +1 10 1 2 1 0 31
y Literal +1 11 0 2 1 0 32

FIG. 9
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METHOD AND APPARATUS FOR
SWITCHING BETWEEN DATA
COMPRESSION MODES

TECHNICAL FIELD

This 1nvention relates to lossless data compression
systems, and, more particularly, to switching between data
compression modes by comparing the compression efficien-

cies of the data compression modes.

BACKGROUND OF THE INVENTION

With the continued growth 1n demand for data transmis-
sion and data storage capacities, improved lossless data
compression techniques are continually sought. As
described 1n coassigned U.S. Pat. No. 5,652,878, of the
many classes of lossless data compression, one of the most
useful 1s the class of dictionary based compression tech-
niques. Among these, the most usetul today are the so-called
Ziv-Lempel variable-length encoding procedures ascribed to
J. Ziv and A. Lempel who suggested the “LLZ1” length offset
encoding scheme. The LLZ1 process uses a fixed size sliding
“history” window 1nto the past source data string as the
dictionary. Matches are encoded as a “match length” and an
“offset” from an agreed position.

Because LLZ1 scrolls the source string over a fixed sized
sliding history window to create an adaptive dictionary,
identification of duplicate “matching” strings in the source
data 1s at first difficult, but becomes very efficient. Once a
matching string 1s encoded as a “length” and “offset”, the
necessary decoding process 1s rapid and efficient, requiring
no dictionary preload. The 878 patent 1illustrates an LZ1
compression technique which has been denominated the
“adaptive lossless data compression” technique, or

“ALDC”.

All sliding window data compression processes suiler
from what may be called “start-up losses” and “non-
redundancy losses” 1n compression efficiency. Because each
source string or block begins with an empty “dictionary”, the
first source symbols must be transmitted as raw words
without compression. Similarly, a string of input data which
has already been encrypted or compressed and lacks sub-
stantial redundancy, lacks the matches required for com-
pression and the source symbols must also be transmitted as
raw words without compression. The raw words must be
identified as such by adding a bit for ALDC, the resultant
characters called “literals”, thereby leading to an expansion
of the data.

Only after accumulating a substantial dictionary, by hav-
ing the sliding window fill up with mput data having
substantial redundancy, are matches found for increasing
numbers of substrings which allow encoding efficiency to
build up.

In the original LZ1 arrangement, called “LZ777, all
source 1nput 1s output in the form of a three part token having
the length and offset together with a flag, which 1s the first
character of the compressed substring. Techniques such as
ALDC overcome the problem when a non-redundant char-
acter 1s encountered by not sending the three part token, but
instead providing the character unchanged, and providing it
with a designation to indicate that 1t 1s not compressed. The
unchanged raw character together with the designation 1s
called a “literal”. A typical designation 1s an added “zero” bit
for each word of the source string. Thus, when encountering
a string of non-redundant input data, the compression is
expanded by a much smaller length than 1s likely with the
original LZ1 technique. However, LZ1 techniques such as
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ALDC still must actually expand the data by one bit for
every word, typically a 9/8 expansion to output them as
literals.

Because of this problem, alternative dictionary based
compression techniques have been designed to offer special
advantages 1n particular circumstances. An example 1s LZ2
compression (also known as LLZ78 or the related version
known as LZW) which captures redundancies and maintains
them 1n a dictionary for, €.g., an entire record, as described
in “The Data Compression Book”™, M. Nelson, M & T
Publishing, 1991, pp. 277-311. Thus, the opportunity for
having redundancies 1s expanded, albeit at the cost of an
expanded dictionary buifer. In LZ2, the expansion for liter-
als may be more than one bit.

Another alternative 1s to not compress the data where
expansion 1s a significant risk, which may be called
“passthrough ” mode.

In the situation where a string of non-redundant input data
1s encountered, it would be useful to switch to a second
compression technique which may handle the strings of
non-redundant imput data more efficiently than the 9/8
expansion required to output them as literals.

Multibit control codes may be provided 1n the output data
to mdicate a special situation in data handling techniques,
and that such a special situation may include switching
between compression modes. If such a control code 1s used,
it will degrade the efficiency of the compression by the
length of the character.

The determination that it would be advantageous to make
the switch 1s difficult. Coassigned U.S. Pat. No. 5,561,824
applies a total length data record concurrently to a compres-
sor and a buffer. If the compressed record 1s expanded over
the uncompressed record, the uncompressed record, and the
entire following string of records, are selected for recording.
The use of such a gross technique requires large buifering
and lacks efficiency if the mput data has any mtermix of
non-redundant input data and redundant data.

An alternative approach may be to examine the com-
pressed data for a predetermined length of data and, if no
compression has occurred, for example a long string of
literals has been output, to then switch compression tech-
niques. The difficulty with such an approach 1s that it would
be very easy to get out of step with the mnput data and employ
cach technique at the wrong time.

SUMMARY OF THE INVENTION

An object of the present mvention 1s to switch between
lossless data compression modes on a high efficiency basis.

Disclosed are a method and apparatus for switching
between lossless data compression modes, and the switching
indicated by at least one multibit mode switch character. The
binary format input data 1s received and a FIFO determina-
tion of the compression efficiency of the input data under
cach mode 1s made on an ongoing basis. The ongoing basis
may be for each compressed code word or more. A FIFO
comparison of the compression efficiencies under each mode
are made, and the modes for compressing the input data are
switched only upon the comparison indicating the compres-
sion efficiency of the present mode 1s less than the com-
pression eificiency of the other mode by a threshold value,
the threshold value directly related to the number of bits in
the multibit mode switch character.

The comparisons may be accumulated over the full FIFO
length and a switch made only upon the accumulated value
reaching the threshold. Multiple threshold values may be
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employed, for example, a threshold value “A” for less than
the full FIFO length or a lesser threshold value “B” upon
reaching the full FIFO length.

One or both of the data compression modes may comprise
a dictionary based compression, such as a Lempel-Ziv
compression, for compressing the mput data into variable
sized tokens, and the FIFO compression efficiency may be

determined based on the bit length of each variable sized
foken.

For a fuller understanding of the present invention, ref-
erence should be made to the following detailed description
taken 1n conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a sliding window LZ1 data
compression system of the prior art;

FIG. 2 1s a flow chart depicting the method for switching,
between lossless data compression modes of the present
mvention;

FIG. 3 1s a block diagram of the apparatus for switching
between lossless data compression modes 1implementing the
method of FIG. 2;

FIGS. 4A and 4B are tables indicating exemplary output
codes of ALDC and of passthrough data compression modes
modified 1n accordance with the present invention;

FIG. § 1s a detailed block diagram of apparatus for
switching between ALDC LZ1 compression mode and
passthrough mode;

FIG. 6 1s a block diagram of the prior art ALDC LZ1

CAM data compressor employed 1n the apparatus of FIG. 5;
and

FIGS. 7, 8 and 9 are exemplary scenarios of input data
illustrating operation of the apparatus of FIG. 5.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to FIG. 1, the prior art LZ1 compression
procedure replaces a redundant substring of source symbols
with a pointer to an earlier occurrence of the same substring,
called a “sliding window”. Data compression occurs when
the pointer representation i1s coded to fewer bits than the
replaced source symbol substring.

In the simplified example of FIG. 1, the scheme employs
a shding window history buffer 30 with five words of
capacity and a look ahead buffer 32 with three words of
capacity. The first encoder task 1s to find the longest prefix
match of the string in the look ahead buffer 32 that has an
exact match 1n buffer 30. The length of the longest match 1s
one part of the token provided by the encoder, and the
position or oifset 1n buifer 30 where the match 1s located 1s
the other part of the token provided by the encoder. In FIG.
1, the mnput data string of 8-bit bytes “123aaabaaaact” 1s
shown 1n transit through buffers 30 and 32. With the buifer
contents shown, the encoder match detector finds a match
for “aaa” of buffer 32 at two different offsets. The first match
34 1s found at offset 5 and the second match 36 1s found at
oifset 1. Thus, the three bytes or characters “aaa” in buifer
32 may be replaced with a token having as a flag, length and
offset of either [1, 3, 5] or [1, 3, 1].

The tlag bit 1s required to distinguish between encoded
output and a literal. Thus, each compressed data token has
an added “1” flag bit, and every byte which 1s a literal has

an added “0” flag biut.

Every literal in the ALDC format therefore expands the
input data by 1 bit for every 8 bit byte, an expansion of

12.5%.
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As described above, when a sequence of non-redundant
data 1s encountered, 1t would be advantageous to switch to
an alternative data compression mode that could handle and
cither compress or reduce the expansion of the data.

One example of an alternative data compression mode 1s
the LZ2 mode, discussed above, such as DCLZ, an LZ2
derivative. Briefly, LZ2 expands the dictionary beyond that
of the shiding window history buffer by maintaining a
dictionary of matches that have occurred previously 1n the
document. Therefore, the potential for compression 1is
increased. The processing time 15 also reduced for matches
to the dictionary since the entire history buffer need not be
scarched. Once the matches to the dictionary have been
utilized, however, and new 1nput data appears, the LZ2 mode
1s reduced 1n efficiency because the dictionary still must be
scarched continually. Thus, 1t might be advantageous to
return to an LZ1 ALDC process to begin to find redundan-
cies 1 the mnput data without referring constantly to the
dictionary.

An alternative data compression mode may comprise the
“passthrough” mode, mentioned above. Passthrough may
simply transmit the iput data as words which are not

changed from the input data.

It 1s known to provide multibit control codes in the output
data to indicate a special situation 1n data handling tech-
niques. Such a special situation may include switching
between compression modes. If such a control code 1s used,
it will degrade the efficiency of the compression by the
length of the character.

In addition, a control code must not be the same as a word
or token from either of the data compression modes, to allow
proper decoding. For example, since passthrough mode
could allow any sequence of bits appearing at the input to be
provided at the output, one of the output words must be
reserved for the control code. Assuming that the passthrough
output 1s 1n the form of a word comprising one 8-bit hex
byte, one of the words, for example “FF”, may be reserved
for the control code. Thus, “FF.0” may indicate that the “FF”
1s actually a literal and should not be considered a control
code, and “FF.1” may indicate the control code.

Further, the control code may be particularized to indicate
the direction of the compression mode switching, or to
indicate other special data handling by appending additional
bits to the control code, such as another byte or partial byte
of information.

FIGS. 2 and 3 illustrate one embodiment of the present
invention for switching between lossless data compression
modes. The two data compression modes are depicted in
FIG. 3 as “Scheme 17 40 and “Scheme 27 41, respectively.
One of the compression modes 40 or 41 may be any lossless
data compression, such as a dictionary based data
compression, for example LZ1, LZ2, ALDC, etc. The other
compression mode may comprise another dictionary based
data compression, another version of the same data
compression, an alternative data compression, or a version
of passthrough which primarily passes the data through
without alteration.

The switching, or “swap”, 1s indicated by at least one
multibit mode switch, or “swap”, character. As an example,
the “FF.1” control code may be used as the “swap” character.
As a further refinement, a byte or partial byte may be added
to the control code to provide various control codes
indicating, inter alia, as one character, a Scheme 1 to Scheme
2 swap, and as another character, a Scheme 2 to Scheme 1
swap.

The binary format mput data 1s received at input 43 to
register 44. The input data 1s supplied from register 44 to
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both the Scheme 1 data compressor 40 and the Scheme 2
data compressor 41. Each data compression mode processes
the mnput data and outputs a string of codewords on lines 45
and 46, respectively. The outputted codewords are indicated
as valid on lines 47 and 48, respectively, when the process-
ing of each codeword 1s completed.

In accordance with the present mvention, a FIFO deter-
mination of the compression efficiency of the input data
under each mode 1s made on an ongoing basis. The ongoing
basis may be for each compressed code word or more, and
accumulated over an extended reference span. The com-
pressed data codewords on lines 45 and 46 are stored in
FIFO buffers 50 and 51, respectively, and one of the FIFO

buffer codewords will be utilized 1n the output data.

Referring additionally to FIG. 2, one of the data com-
pression schemes 1s the present mode at step 54. The next
codewords are encoded 1n step 62 and tested on the ongoing
FIFO basis 1n step 63. Specifically, each data compressor 40
and 41 supply information related to the length of the
codeword on lines 56 and 57, respectively to comparison
logic 59 for a FIFO comparison of the compression effi-
ciencies under each mode.

In accordance with the present 1nvention, a straight com-
parison does not result 1n switching. Rather, switching
between modes takes 1nto account the potential cost of the
swap (in terms of the length of the added special character
indicating the switch). Specifically, switching between
modes does not occur in accordance with the present inven-
tion until the savings (in terms of the length of the data
saved) in making the swap is likely to meet a threshold
which 1s directly related to the cost of the swap. Thus, the
modes for compressing the mput data are switched only
upon the comparison indicating the compression efficiency
of the present mode 1s less than the compression efficiency
of the other mode by the threshold value, the threshold value
directly related to the number of bits in the multibit mode
switch character.

Hence, comparison logic 59 comprises thresholds “A” 60
and “B” 61 which set thresholds against which the savings
are compared. In accordance with the invention, one or more
thresholds may be employed, which are directly related to
the cost of the swap.

As an example, the first threshold “A” may be the total
cost of the swap, which comprises the length of the special
control character for switching from the present data com-
pression scheme to the other data compression scheme plus
the length of the special control character for switching
back. If threshold “A” 1s met or exceeded by the next
codeword of compressed data from the other scheme as
compared to the next codeword of the present scheme, 1t 1s
worth switching modes, and a swap will be conducted. For
example, if both special control characters are 13 bits 1n
length, threshold “A” will be set at a value equal to the sum
of the characters, equal to 26.

As another example, the second threshold “B” may addi-
tionally be related to the length limits of the FIFO compari-
sons of codewords stored in FIFO buffers 50 and 51, the
extended comparison reference span. Thus, 1f the ongoing
comparisons of data compression of the schemes shows
there will be a savings, but the comparison cannot be
continued without losing the codewords (because the first
codeword of only the present scheme will be output from its
FIFO buffer 50 or 51 and the codeword of the other scheme
lost), it may be worthwhile making the swap. The swap may
be worthwhile because the savings are likely to continue to
increase 1f the mput data remains similar to that encountered
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6

most recently. Thus, the threshold 1s set at some lower value.
As an example, the second threshold “B” may be set at
one-half the special control character for switching from the
present mode to the other mode. The one-half the special
control character length threshold would be a wash with
respect to the length of the character 1f incorrect. At worst,
it would cost only the length of the special control character
for switching back to the present mode, but that switch back
would not be made unless the savings were to also meet or
exceed one of the thresholds. Thus, the second threshold “B”
1s also cost effective and efficient. For example, 1f the special
control character 1s 13 bits 1n length, threshold “B” would be
a value of 7 (one-half of 13 rounded up). Other suitable

values, such as one quarter, etc., may be used.

Referring to FIGS. 2 and 3, the first step 62 1s to generate
the next compressed codeword for each data compression
scheme 40 and 41 and provide the indications of the code-
word lengths on lines 56 and 57, respectively. The simplified
diagrams of FIGS. 2 and 3 do not show the FIFO controls
described hereinafter which control the comparison refer-
ence span over unequal numbers of code words. For
example, the ongoing comparison of codewords over the
same reference span may be the comparison of 1 backword
reference to 7 literal codewords. In step 63, comparator 65
compares the codeword lengths and supplies the comparison
value to an accumulator 66, which, 1n step 68, updates any
prior accumulated value in the accumulator 66 with the
comparison value. For example, if the prior accumulated
value 1s 5 bits, and the comparison 1n step 63 indicates a
further savings of 4 bits, step 68 updates the accumulator 66
to a value of 9 bits.

Comparator 65 and accumulator 66 may take many alter-
native forms. One approach may be that a comparator that
provides positive comparison values for codeword lengths
provided from compressor 40 as compared to codeword
lengths from compressor 41 and an accumulator that accu-
mulates values from zero until a swap occurs, at which point
the comparator and accumulator are reset. The comparator
would then be reset to provide positive comparison values
for the reverse comparison of codeword lengths provided
from compressor 41 as compared to codeword lengths from
compressor 40. The accumulator 66 would be reset to zero
agamn and accumulate positive values from zero until a
reVerse swap OCcCurs.

An alternative approach is to provide a comparator 65 that
provides positive comparison values for codeword lengths
from compressor 4 as compared to codeword lengths from
compressor 41 regardless of the direction of the prospective
swap. The accumulator 66 would thus increment from zero
when the present mode was scheme 1 from compressor 40
until a swap occurs and the accumulator reset to the maxi-
mum threshold level “A” and decrement when the present
mode was scheme 2 from compressor 41. This approach 1s
simpler to 1mplement.

As shown 1n FIGS. 2 and 3, accumulator 66 1s, 1n one
embodiment of the invention, provided with at least one clip
level 70. One clip level 1s zero so that only the potential
savings are accumulated. (Since the system is in the present
mode, there 1s no need to accumulate potential savings in
staying in the same mode). This is the only clip level
required 1n the first approach, above.

In the second approach, a second decrementing clip level
cequivalent to the incremental zero 1s the maximum threshold

level “A”. Thus, a second clip level 70 of the maximum
threshold level “A” must be provided.

As described above, two thresholds are provided. Thresh-
old “A” may be the total cost of the swap, which comprises
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the length of the special control character for switching from
the present data compression scheme to the other data
compression scheme plus the length of the special control
character for switching back. The second threshold “B” 1s
used when the entire FIFO extended reference span has been
compared and may be set at one-half the special control
character for switching from the present mode to the other
mode.

Thus, referring to FIGS. 2 and 3, step 72 operates logic 75
to determine whether the entire FIFO has been compared
and 1s represented 1n the accumulated value of the accumu-
lator 66. If the entire FIFO has not been compared, “No” 1n
step 72, the maximum threshold “A” 60 1s utilized 1n step 77.
If the entire FIFO has been compared, “Yes” 1n step 72, the
lower threshold “B” 61 1s utilized in step 78.

Steps 77 and 78 are conducted by comparator and control
logic 80. If the entire FIFO has not been compared, com-
parator and control logic 80 conducts step 77 to apply
threshold “A” 60 to the accumulated value. If the accumu-
lated value 1s less than threshold “A”, it would not be cost
cliective to swap. Theretfore, the process cycles back to the
next codewords at step 62. If the accumulated value 1s equal
to or greater than the threshold “A”, “No”, the swap should
be made. Similarly, if the entire FIFO has been compared,
comparator and control logic 80 conducts step 78 to com-
pare the threshold “B” 61 to the accumulated value. If the
accumulated value 1s less than threshold “B”, 1t would not be
cost effective to swap. Therefore, the process resets the
accumulator 1n step 79 and cycles back to the next code-
words at step 62. If the accumulated value 1s equal to or
oreater than the threshold “B”, “No”, the potential cost of
switching compression modes 1s small, and may prove cost
ciiective if the mput data continues to favor the other mode.

The “No” result of steps 77 or 78 indicate a swap, which
1s conducted 1n step 84. The swap codeword 1s inserted 1n the
output data stream in step 84 by logic circuitry 85, and
selector 86 switches the next codeword output from the
present compression scheme to the other compression
scheme. A bit packer 90 assembles the output data 1 a
continuous stream and provides the output data at output 91.

In step 95, comparator and control logic 80 resets the
accumulator and thresholds as necessary. For example, 1if the
first approach accumulator, above, 1s used, the accumulator
1s reset to zero after a switch and the direction of accumu-
lation of the comparator output 1s reset. Thus, the accumu-
lator 66 may have reached only a value of 10 (decimal) when
the entire FIFO was compared and the swap made. The
accumulator value 1s then reset to zero and the comparator
reset or the accumulator reset to a sign change for the
compared codeword lengths of comparator 63. It the second
approach accumulator, above, 1s used, the accumulator 66 1s
reset after a switch to Scheme 2 to the maximum threshold
level, e.g., 26 (decimal), and the thresholds 60 and 61 reset
to mverted levels, e.g., threshold “A” becomes zero instead
of 26 (decimal), and threshold “B” becomes 19 (decimal)

instead of 7.

After the swap and reset, the previous other data com-
pression scheme now becomes the present scheme 54 and
the process of FIG. 2 begins again.

A specific example of switching between two specific data
compression modes 1s 1llustrated 1n FIGS. 4-9.

The example of a shiding window data compression
scheme 1s ALDC-2, as described 1n the 878 patent, and 1s
considered the Scheme 1 data compression. A passthrough
mode 1s considered the Scheme 2.

Although any word length may be employed with the
present mvention, the example of FIGS. 49 comprises an
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input data word length of one 8-bit byte, and output code-
words beginning with 8 bits 1n length for direct passthrough,
upwards.

The "878 patent describes 1n detail an LZ1 ALDC encoder
employing a content addressable memory (CAM) for rapid
identification of matching substrings 1n the mnput data. FIG.
4A 1llustrates the detail of the ALDC outputs. The literal
8-bit bytes are represented by 9 bits, beginning with a “0”.
The variable length match tokens or codes (called backward
references) begin with a “1”, followed by a variable length
match length code (e.g., in which “00” represents a match
length of 2 bytes, etc.), and a 10 bit match offset (or location)
code. Thus, with the smallest match, of 2 bytes 1n length, the
backward reference length 1s 13 bits, a savings of 3 bits over
the 16 bits of uncompressed data.

In the instant example, a 13-bit control code 1s utilized,
which comprises a “1” followed by eight “1” bits represent-
ing the hex byte “FF”, and followed by a four bit code. The
code “0010” 1s the control code indicating the swap to
Scheme 2 data compression.

In ALDC-2, the worst case data expansion 1s 12.5%,
which occurs 1f no backward references are found and all
data 1s output as literals. The control code 1s not allowed as
a valid match code. In FIG. 4A, the cited savings are versus
outputting the same data in passthrough mode, which (as
will be seen) assumes that each byte requires 8 bits.

Passthrough 1s illustrated in FIG. 4B, and, except for the
control character, the data 1s output unmodified. The byte
“FF” 1s chosen for the control character and the data
becomes “FF” followed by a “0”. The control code 1s eight
“1” bits representing the hex byte “FF”, followed by a “1”
and the four bit control code. The code “0001” 1s the control
code 1ndicating the swap to Scheme 1 data compression.

In passthrough mode, the worst case expansion 1s theo-
retically 12.5% 1t all of the input data 1s “FF” 1n hex bytes,
or equivalent, but if this were the case, one would swap to
Scheme 1 and output the data as backward references. A
random word stream, which 1s basically incompressible 1n
ALDC, would have an average expansion of only 0.05%
(assuming that “FF” only appears once every 256 bytes). For
the special case of “FF” data, 9 bits are required for both
Scheme 1 and Scheme 2, making 1t no better to be 1n one
mode than the other if this single symbol 1s viewed in
1solation.

In the present example, the control codes are 13 bits long,
so that the cost of switching from a present mode to the other
and then back 1s 26 bits. This means that 1f an mput data
stream 1s encountered which would cost 26 bits to output 1n
comparison to the other scheme, the swap to the other
scheme should be made before outputting that string to save
the 26 bits. Even if an immediate swap back 1s required, the
cost of switching to and then back 1s no more than outputting
that string in the present scheme. Therefore, threshold “A”
1s set at 26.

Similarly, if it will not cost anything (0 bits) to output the
string 1n the present scheme, 1t should be done.

The third case 1s between the 26 bit switch back and forth
cost and O bits to stay 1n the same mode. Considering the
hardware FIFO limitation to the ability to see more of the
string being compared beyond the FIFO length (the
extended reference span), the least costly scheme should be
utilized. As described above, 1n accordance with the present
imvention, if the cost 1s one-half the mode switch control
code character, the one-half the special control character
length threshold would be a wash with respect to the length
of the character if incorrect. At worst, 1t would cost only the
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length of the special control character for switching back to
the present mode, but that switch back would not be made
unless the savings were to also meet or exceed one of the

thresholds. Thus, with the special control mode switch
character of 13 bats, threshold “B” should be a value of 7

(one-half of 13 rounded up).

With a simple passthrough as Scheme 2, many of the
clements of the embodiment of FIG. 3 may be combined or
deleted as needed to implement the specific exemplary
embodiment of FIG. 5. For example, a passthrough register

may be utilized for the data used to form the ALDC literal.

44 »2

Referring to FIG. 5, input data in the form of words “w
bits wide are received at mnput 100 at register 101. Although
the data may be received as mput data in serial or parallel
form, it is converted to a parallel form (e.g., 8 bits wide). The
input data 1s supplied to ALDC compressor 102 and to
registers 105 which create a delay of the input data equiva-
lent to the operation of the ALDC compressor so that the
passthrough data timing will be 1dentical to that of the
ALDC token. The present invention provides a FIFO block
and decision logic between the ALDC CAM array which 1s
used to determine the ALLDC backward reference tokens and
the bit packer which outputs the compressed words.

In the embodiment of FIG. 5, the FIFO block stores the
outputs of the compression schemes. Three FIFO’s are
illustrated 1n the FIFO block, FIFO register 106 1s one 8-bit
word wide by N deep for uncompressed (passthrough) data,
FIFO register 107 1s 1+10 bits wide by N/2 deep for offset
locations (since the smallest backwards reference is for 2
bytes, N/2 is sufficiently deep), and a FIFO register of 3 bits
wide by N deep for control bits, spread over logical registers

110, 111 and 112.

The FIFO lengths may be modified without departing
from the spirit of the present invention. For example, if the
ALDC-1 LZ1 compression scheme were employed as one of
the schemes, the locations stored 1n register 107 would be
only 1+9 bits wide. If the control logic were modified, the
number of control bits stored could be altered.

The length “N” of the FIFO determines the length of a
string that can be viewed before making a scheme swap
decision, and the longer the FIFO, the better the decisions.
The example of FIG. 5 assumes a length “N” of the FIFO of
at least 7 bytes (threshold “B”, the minimum required to be
able to switch from ALDC-2 to passthrough) or,
alternatively, at least 26 bytes (threshold “A”, needed to
consider the back and forth switching cost within the length
of the FIFO). There 1s no maximum FIFO length per se. As

an example, a speciiic FIFO length “N” 1s chosen to be 32.

FIG. 6 1illustrates the prior art CAM-based ALDC
compressor, of the ’878 patent. The CAM array 1s of B CAM
clements, each w bits wide. Each backward reference 1s
resolved 1nto a location of length of b bits on line 380. A
write-store shift register 340 1dentifies the next CAM ele-
ment to be over-written by mmcoming data at line 310. A
pass-store shift register 350 passes all CAM matches at the
beginning of a string match and passes each subsequent
CAM match only 1f 1t immediately follows a previous CAM
match. A save-store latch 355 saves the previous pass-store
shift register contents to allow resolver 370 to generate the
location b after all CAM match strings terminate as evi-

denced by the output of OR 3635.

Referring to FIG. 5, the location code b 1s output from the
ALDC compressor on line 380 to FIFO register 107, and a

valid output 1s also provided from the control circuitry of the
ALDC to FIFO register 180 to provide a bit indicating the
validity of the accompanying location code. The output of
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OR 365 1s also provided on line 114 to a control state
machine 115 of the present invention. The control state
machine 115 receives the OR output and processes it to
create a Toggle 117 which encodes the string lengths to
which the data words 1 FIFO 106 correspond. The length

that the Toggle 1s 1n the same state corresponds to the string
length. For example, Toggle “0010110001” encodes the end

of a string via the “00”, a one word match (or literal) via the
“1”, another one word match via the “0”, a two word

backward reference via the “11”, and a three word backward
reference via the “000”.

Counter 120 also monitors an output of the control state
machine 115 to give a count of the string match length. Its
output count 1s the mput address to a lookup table 121 which
orves the sign and magnitude of the update to the accumu-
lating counter 122. For example, the lookup table may result
in a +1 count instruction when a literal 1s found, and a O and
the —3 as the two count instructions corresponding to a 2
byte backward reference.

Counter 122 1s a special up/down accumulating counter
which allows updates of various magnitudes, and which
truncates the count from going below 0 or above threshold
“A” (“A”, as above, is the length of the swap to Scheme 2
codeword (13 bits) plus the length of the swap to Scheme 1
codeword (13 bits) for a total of 26 bits). The output count
1s monitored by two comparators 123 and 124. Comparator
123 1dentifies 1f the count 1s greater than or equal to
threshold “B”, which in the example is 7 (half of 13 rounded
up), for a swap to Scheme 2; and comparator 124 identifies
if the count 1s less than or equal to threshold “B” in the
inverse direction (26-7=19) for a swap to Scheme 1.

The output count 1s also supplied on output 126 so that
control state machine 115 can identify when the count
reaches either 26 or O.

The control state machine 115 has three other outputs.
CriteriaMet 127 1s set whenever the count reaches 26 when
presently 1 Scheme 1 mode, indicating a swap to Scheme
2 can be justified on savings already seen, or if the count
reaches O when presently 1n Scheme 2 mode, indicating a
swap to Scheme 1 can be justified on savings already seen.
Scheme 128 1s the tentative scheme which a given data byte
will be output as 1f the scheme switches. For example, when
in Scheme 1, Scheme 128 will tentatively slate any literals
as the start of a sequence which should be changed to
Scheme 2 before being output. In this case, 1if backward
references are seen which eliminate any savings seen
(forcing counter 122 to 0 at line 129), then the tentative
scheme swap 1s canceled. This 1s accomplished by setting
Cancel 130 which operates circuit 131 to cancel any scheme
swap from the present state up to the beginning of that
sequence. Any tentative scheme swaps which are not can-
celed result 1n a transition on SchemeQ 133, at the output of

the FIFO.

A transifion on SchemeQ 133 signals control logic 140 to
make a decision if the scheme swap 1s well advised. It all
CriteritaMet 127 bits in FIFO 112 are “07, as indicated by
circuit 135, it indicates that the scheme swap 1s not guar-
anteed to give good results. In this example, one of the two
comparators 123 and 124 (the relevant one for the given
proposed scheme swap) is monitored and the switch only
proceeds 1f 1t 15 active.

Using these inputs, control logic 140 acts on a Scheme(Q)
133 transition by either accepting 1t or rejecting it. In the
accept case, 1t activates the msert__swap line 150 to the bit
packer 151, and passes the swap__codeword and the swap__
length (for the case that the two swap codewords are not the
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same length) to the bit packer 151 on outputs 152 and 153,
respectively. Control logic 140 also changes the Select line
160 to the scheme multiplexor 161.

In the case of a rejection (the high criteria “A” was not
met (no CriteriaMet) and the low criteria “B” determined by
the comparator is not met), then a Clear line 162 is activated
to restart the counter 122 (the count becomes invalid as the
data to which it corresponds is shifted out of FIFO 106) at
the appropriate count given the present state (0 for Scheme
1, 26 for Scheme 2), and the tentative Scheme transition is
canceled via Cancel 130.

Control logic 170 mterprets the Toggle 110 stream and
derives the Reference and Literal control lines to the Scheme
1 logic 175. In the case of a reference, the length of the string,
1s measured by counter 176 and the match length code 1is
found via look-up table 177 which outputs a code k, and the
length of the code j. These are parsed together with the
location b from FIFO 107 by the Scheme 1 logic 175 into the
appropriate backward reference which 1s output on 1, and d,.
The single cycle that they are valid 1n a backward reference

1s signified by the L&D Valid line 177 from the control logic
170 to the bit packer 151.

The location pointer for a backward reference can be
output 1nto an N by b shift register, or can be reduced to an
N/2 FIFO 107 by use of a 1 bit valid FIFO 180 which
signifies which FIFO locations are occupied and thus allow
selective propagation. The Take line 181 from control logic
170 overrides the valid bit of the last FIFO location and
allows it to be over-written (after the data corresponding to
it was latched).

The data required for output in Scheme 2 1s provided
solely by FIFO 106 with the help of a comparator 190 which
checks 1f the given byte happens to correspond to the control
sequence (in this case “FF” in hex). In Scheme 2, 1, 1s either
8 (the usual case) or 9 for the control sequence. The output

on d, 1s just the 8 bits out of FIFO 106 or the 9 bits
representing the control sequence.

The bit packer 151 collects the various compression
codewords and packs them into some bus width usable
outside the compressor. For example, in Scheme 1, a given
compression symbol can be 9 bits long (in the case of a
literal), 13 bits long (in the case of either a 2 or 3 byte
backward reference in ALDC-2 mode), etc., but the logic
following the compressor may require a 2 byte wide bus.

As an example, the operation of the circuitry of FIG. §
assumes the following initial conditions: the starting com-
pression mode is Scheme 1 (ALDC mode), with a reset
history buffer, the cost counter 122 will start at 0, and the
FIFO’d Toggle 110 1s O at all locations. The cost counter 122
1s incremented up by 1, imndicating the cost of each literal of
Scheme 1 with respect to the passthrough data. A down
count can be of various sizes, depending on the bit savings

of backward references (see FIG. 4A).

Counter 122 1s clipped at either 0 or 26. The counter 122
can also be held at the present count 1n the case of no cost
(e.g., outputting “FF”). The counter can also be reset to 0 or
set to 26. The three FIFO sets of control bits are Toggle 110
(an encoded CAM array output which changes state to
indicate transitions between output events in ALDC mode),
Scheme 111 which indicates the tentative scheme recom-
mended by the count when the data enters the FIFO (“17=
Scheme 1, “0”=Scheme 2), and CritertaMet 112 which

indicates that the automatic switch criteria was met.

As an alternative, the three control lines could be pared to
two by elimination of CriteriaMet and encoding this infor-
mation onto Scheme. This 1s possible since Scheme states
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always span multiple bits, a 1 bit Scheme state can be used
to signily CriteriaMet and otherwise i1gnored as far as
Scheme goes. E.g., the two lines:

Scheme 222211111

CriteriaMet 000100000
could be combined into:

Combined 221211111.

Such a combination would save some silicon, but the
conceptually simpler three control line interface will be
described.

For simplicity of illustration, the FIFO depth 1s set at a
level of 32, slightly greater than the 26 count of threshold
“A”, and substantially less than the history buffer (which is
typically 512 or 1K bytes).

Three scenarios will be utilized to describe the operation.
In scenario A, illustrated in FIG. 7, the mput data stream
“Mississuppl abcdefghijklmnopqgrstuv 1s her Missis” 1s
received at mput 100.

At startup, the ALDC Scheme 1 must treat the first
incoming data as a literal. With an 1nitial count of 0, counter
122 1s incremented with each literal (which would include
the output of the first 4 bytes “Miss”) and any non-zero
count could potentially be the beginning of a string which
should be swapped to Scheme 2, thus the Scheme line 128
1s set to “27. The subsequent receipt of a 3 byte backward
reference (for “iss”) decrements the count until it seems it
should go negative (it does not because it is clipped at “07).
At this point, it 1s clear that the tentative swap to Scheme 2
for the literals which preceded 1t was 1ll advised and using
logic which propagates to where the tentative swap began in
the FIFO, the tentative swap 1s canceled.

Immediately thereafter, a string of 28 literals 1s received.
This causes the count of counter 122 to reach 26 (the count
does not exceed 26 because it is again clipped), and it is
desirable to swap. Thus the control logic flip flop state 1s set
to Scheme 2 (passthrough). Then, backward reference 2 is
encountered and becomes the potential beginning of a swap
back to Scheme 1. Note that because “Ref2” 1s the potential
start of a swap back, it 1s immediately tageed as a tentative
Scheme 1. Contrast this to “Refl”, which was received when
the logic was still evaluating a string as a potential swap to
Scheme 2, and hence 1t was tagged as tentative Scheme 2
until the count hit O and the tentative swap was canceled.
The difference with “Ref2” 1s the state tlip flop 1n the control
logic. Shortly therecafter, “Refd” 1s received and, unlike
“Ref2”, has sufficient magnitude to secure a swap back to
Scheme 1.

Scenario B 1llustrated 1in FIG. 8 1s of a slightly different
string. In this scenario, the 32 FIFO fills up before a change
in state 1s secured and the count 123 must be mterrogated to
determine whether a swap should occur. Because the count
is “6”, which i1s less than 7 (the decision threshold “B”), the
tentative swap to Scheme 1 is NOT executed (and the cost
of 6 is borne out).

Scenario C illustrated 1n FIG. 9 1s of a shightly different
string. In this scenario, the 32 FIFO also fills up before a
change 1n state 1s secured and the count 123 must be
interrogated to determine whether a swap should occur.
Because the count is “11”, which is more than 7 (the
decision threshold “B™), the tentative swap to Scheme 1 IS
executed (and the effective cost is 13 bits to swap minus the
11 bits saved by the swap, yielding a net cost of 2 bits).

Scenario A (FIG. 7) illustrates that even when the counter
122 is fully biased towards Scheme 2 (at 26), a 6 byte
backward reference (see “Refd”) is enough to force it to
switch to Scheme 1. Thus, any backward reference 6 bytes
or longer forces Scheme 1.
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In the illustrated example, a FIFO comparison of the
compression efficiencies under the ALDC and passthrough
modes are made, and the modes for compressing the 1nput
data are switched only upon the comparison indicating the
accumulated compression efficiency of the present mode 1s
oreater than the compression efficiency of the other mode by

a threshold value “A” for less than the full FIFO length or
a threshold value “B” upon reaching the full FIFO length.
The threshold values "A’and “B” are directly related to the
number of bits in the multibit mode switch character.

The present invention 1s readily extensible to multiple
compression techniques, or versions of the same technique.
For example, swaps could be made between ALDC-1 and
ALDC-2 because of differences 1n compression efficiency
due to the longer (10 bit versus 9 bit) buffer of ALDC-2
sometimes 1ncreases and sometimes lowers compression
cfficiency.

While the preferred embodiments of the present invention
have been 1illustrated in detail, 1t should be apparent that
modifications and adaptations to those embodiments may
occur to one skilled in the art without departing from the
scope of the present invention as set forth 1n the following
claims.

I claim:

1. A method for switching between lossless data com-
pression modes, from the one of said modes which 1s
presently used for preceding binary format input data
(present mode) to the other of said modes (other mode) for
present binary format input data, said switching indicated by
at least one multibit mode switch character having a number

of bits, comprising the steps of:
receiving said present binary format mput data;

FIFO determining compression efficiency of said present
input data under each of said modes on an ongoing
basis;

FIFO comparing said compression efliciencies for said
present 1nput data under each of said modes; and

switching from said present mode to said other mode for
compressing said present input data for which said
compression efficiency 1s determined in said FIFO
determining step only upon said FIFO comparing step
indicating said compression efficiency of said present
mode being less than said compression efficiency of
said other mode by a threshold value, said threshold
value directly related to said number of bits 1n said
multibit mode switch character.

2. The method of claim 1, wherein one of said data
compression modes comprises a Lempel-Ziv based com-
pression for compressing said mput data into variable sized
tokens; and wherein said FIFO compression efficiency deter-
mination step comprises determining a bit length of each of
said variable sized tokens.

3. The method of claim 1, wherein said FIFO comparison
step comprises accumulating said comparisons of compres-
sion efficiencies; and wherein said switching step comprises
switching from said present mode to said other mode upon
salid accumulated compression efficiencies of said present
mode being less than said accumulated compression effi-
ciencies of said other mode by said threshold value.

4. The method of claim 3, wherein said FIFO comparison
step comprises resetting said accumulated comparisons to
zero 1n response to said switching step switching between
modes.

5. The method of claim 3, wherein said data compression
modes each provides an output word or token and wherein
said FIFO comparison step 1s conducted for each said word
or token of said data compression modes, and said compari-
sons are accumulated.

10

15

20

25

30

35

40

45

50

55

60

65

14

6. The method of claim 5§, wherein said threshold value
comprises two values, a first higher threshold value for
eficiency comparisons for present mnput data of length less
than a string length of a FIFO buifer, and a second lower
threshold value for efficiency comparisons for present input
data equal to said string length.

7. The method of claim 6, wheremn said {first higher
threshold value 1s equal to a sum of the number of bits 1n said
multibit mode switch characters to switch back and forth,

and said second lower threshold value 1s equal to half
(rounded up) the number of bits in said multibit mode switch
character.

8. The method of claim 3, wherein one of said data
compression modes comprises a Lempel-Ziv compression
for compressing said input data 1nto variable sized tokens;
and wherein said FIFO compression efficiency determina-
tion step comprises determining a bit length of each of said
variable sized tokens.

9. The method of claim 8, wherein the other of said data
compression modes comprises a passthrough mode.

10. The method of claim 9, wherein said passthrough
mode excludes one control code symbol from literal
passthrough to provide said at least one multibit mode
switch character.

11. The method of claim 9, wherein said FIFO compres-
sion efficiency determination step of said Lempel-Ziv data
compression 1s conducted by table lookup.

12. The method of claim 8, wherein said Lempel-Ziv data
compression mode provides said output tokens and said
passthrough mode provides output words, and wherein said
FIFO comparison step 1s conducted for each said word or
token of said data compression modes, and said comparisons
are accumulated.

13. The method of claim 12, wherein said threshold value
comprises two values, a first higher threshold value for
eficiency comparisons for present mnput data of length less
than or equal to a string length of a FIFO buffer, and a
second lower threshold value for efficiency comparisons for
present 1nput data equal to said string length.

14. The method of claim 13, wherein said first higher
threshold value 1s equal to a sum of the number of bits in said
multibit mode switch characters to switch back and forth,
and said second lower threshold value 1s equal to half
(rounded up) the number of bits in said multibit mode switch
character.

15. A data compression apparatus for switching between
lossless data compression modes, from the one of said
modes which 1s presently used on preceding binary format
input data (present compression mode) to the other of said
modes (other compression mode) for present binary format
mput data, mdicating said switching with at least one
multibit mode switch character having a number of bats,
comprising:

an 1mput for receiving said present binary format input

data;

a first lossless data compressor coupled to said mnput for
providing a first data compression of said present input
data according to a first compression mode and pro-
viding an output of said present mput data in said first
compression mode;

a second lossless data compressor coupled to said input
for providing a second data, compression of said input
data according to a second compression mode and
providing an output of said present mput data 1n said
second compression mode;

comparison logic coupled to said first and said second
compressors, said comparison logic compares on an
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ongoing FIFO basis compression eificiency between
said first and said second lossless data compressors 1n
compressing said present input data, providing an effi-
ciency comparison output, and wherein said compari-
son logic additionally compares said efficiency com-
parison output between said present compression mode
and said other compression mode with a threshold
value, said threshold value directly related to said
number of bits 1n said multibit mode switch character,
and wherein said comparison logic additionally pro-
viding a signal upon said efficiency comparisons
exceeding said threshold value; and

a compression output selector coupled to said comparison
logic and said first and said second compressors for
selecting said output from one of said first and said
second compressors at a time, and, upon said compari-
son logic providing said signal, switching between the
one of said first and said second compressors in said
present compression mode to the one of said first and
said second compressors of said other compression
mode, for said output of said present input data for
which said comparison was made, and signaling said
switch between said first and said second compressors
by outputting said at least one multibit mode switch
character.

16. The data compression apparatus of claim 15, wherein
said comparison logic additionally comprises an accumula-
tor for accumulating each said efficiency comparison and
provides said efficiency comparison output, and wherein
said comparison logic compares said accumulated efficiency
comparison output with said threshold value.

17. The data compression apparatus of claim 16, wherein
said accumulator 1s reset to zero upon said comparison logic
providing said signal.

18. The data compression apparatus of claim 16, wherein
said first lossless data compressor 1s a Lempel-Ziv based
compressor for compressing said present input data into
variable sized tokens; and wherein said comparison logic
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efficiency comparison compares a bit length of each of said
variable sized tokens to a corresponding bit length of said
second lossless data compressor compression.

19. The data compression apparatus of claim 16, wherein
said data compression modes each provides an output word
or token and wherein said comparison logic conducts said
FIFO comparison for each said word or token of said data
compression modes, and said accumulator accumulates the

results of said FIFO comparisons.

20. The data compression apparatus of claim 19, wherein
said threshold comprises two threshold values, a first higher
threshold value for efficiency comparisons for present input
data having a string length less than or equal to that
identified by a FIFO buffer, and a second lower threshold
value for efficiency comparisons for present input data
having a string length greater than that i1denftified by said

FIFO buffer.

21. The data compression apparatus of claim 20, wherein
said first higher threshold value 1s equal to a sum of the
number of bits in said multibit mode switch characters to
switch back and forth, and said second lower threshold value
is equal to half (rounded up) the number of bits in said
multibit mode switch character.

22. The data compression apparatus of claim 20, wherein
said first lossless data compressor 1s a Lempel-Ziv compres-
sor for compressing said present input data into variable
sized tokens; and wherein said comparison logic efficiency
comparison compares a bit length of each said variable sized
token to a corresponding bit length of said second lossless
data compressor compression.

23. The data compression apparatus of claim 22, wherein
the other of said data compression modes comprises a
passthrough mode.

24. The data compression apparatus of claim 23, wherein
said passthrough data compression excludes one control
code symbol from literal passthrough to provide said at least
onc multibit mode switch character.
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